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The HZγ coupling, which is highly sensitive to the new physics beyond the standard
model, is studied through the process pp → pγp → pHX at the LHC. To this purpose,
an effective Lagrangian, in a model independent approach, with dimension six operators
is considered in this paper. New interaction terms regarding beyond the standard model
physics include the Higgs boson anomalous vertices in both CP-even and CP-odd structures.
A detailed numerical analysis is performed to scrutinize the accurate constraints on the
effective HZγ couplings and to discuss how far the corresponding bounds can be improved.
This is achieved by testing all the efficient Higgs decay channels and increasing the integrated
luminosity at three different forward detector acceptance regions. The numerical results
propose that the Higgs photoproduction at the LHC, as a complementary channel, has a
great potential of exploring the HZγ couplings.
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I. INTRODUCTION
The standard model (SM) remarkable predictions are currently approved to elucidate several ex-
perimental phenomena in particle physics at low energies. However, there is a variety of physical
points which cannot be explained by this effective theory and this is a sensible reason to go beyond
the SM (BSM) [1, 2]. Although there has not been observed any direct evidence of new physics (NP)
at the LHC run-I, it is anticipated to discover signals of NP at the LHC run-II with the help of new
observables [3].
According to the matter content of the SM and the known interaction terms, a number of frame-
works are classified to probe likely NP effects at available energies. As one of the current methods,
the model independent approach is extensively applicable in such studies. Here, based on the SM
symmetry pattern, the conservation of lepton and baryon numbers, and the spontaneous electroweak
symmetry breaking (EWSB) in the Higgs mechanism, an effective Lagrangian is formed from NP
interactions between the elementary particles [4]. Indeed, integrating out heavy degrees of freedom
at the BSM scale, Λ, some residual interaction terms are obtained including the gauge invariant
non-renormalizable effective operators. Among these NP operators, the Higgs boson anomalous inter-
actions are also theoretically studied in the literature [5–17].
Following the discovery of the Higgs boson at the LHC [18–20], describing the properties of this
particle is crucial to characterize the nature of the EWSB and to explore possible BSM physics. In
the SM framework, the Higgs boson, the massless photon, and the Z boson couple indirectly via loop
diagrams, containing massive charged particles. The SM prediction for the decay width of the Higgs
particle in the H → Zγ channel is given by
Γ(H → Zγ) = m
3
H
16π
(
1− m
2
Z
m2H
)3 × |GSM|2, (I.1)
where, mH and mZ are the masses of the Higgs and Z boson fields, respectively [13, 21]. GSM includes
theW boson and top quark loops contributions and it amounts to around GSM ≃ −4.1×10−5 GeV−1.
The width in Eq. (I.1) is almost equal to 6 × 10−6 GeV, which is corresponding to a branching
fraction, Br(H → Zγ) = 1.55 × 10−3, at mH = 125 GeV. The CMS [22] (ATLAS [23]) collaboration
has reported that the observed 95% confidence level (C.L.) decay width for the process H → Zγ is
10 (11) times more than the value predicted by the SM. Therefore, the rare HZγ vertex is highly
sensitive to NP effects from beyond TeV scale [21, 24–27]. Moreover, the HZγ coupling allows one to
consider different kinds of NP hypotheses. Some authors suggest that different particles may circulate
in the loop diagrams [28–30] and the Higgs boson is described as a non-SM scalar field [31, 32] or a
massive composite state [33].
A lot of analyses, commonly performed to explore the NP effects, include CP-even effective opera-
tors [34–36]. However, there are many lines of evidence indicating the CP violation in weak interactions
as well as in astronomical observables which are not completely predicted by the Kobayashi–Maskawa
theoretical mechanism. Hence, the existence of large amount of CP-violating interactions coming from
NP effects is remarkable, especially in order to explain the baryon asymmetry in the universe [37, 38].
Another motivating aspect is that CP-even and CP-odd anomalous HZγ couplings are all related to
higher-dimension NP operators and have also the same order of magnitude [39–43]. The constraints
on the anomalous gauge-Higgs couplings and their collider implications have been widely studied in
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the literature either with CP-even [13–15] and CP-odd [41] dimension six operators.
In this paper, we concentrate on extracting sensitivity of the Higgs production cross section to
the anomalous HZγ vertex in single diffractive interactions at the LHC. Here, one of the protons
in a pp collision dissociates while the other one remains intact and scatters at small angles. The
latter loses a fractional proton energy, ξ. The parameter ξ specifies the detector acceptance region
in which forward intact protons are observed. Indeed, ξ is determined by the difference between the
momentum of the incoming proton, p, and that of the intact scattered one, p′, i.e., ξ = (|~p| − |~p′|)/|~p|.
At the LHC energy scale, to a good approximation, the equality ξ = Eγ/Ep arises, where Ep and
Eγ are the energies of the incoming proton and the emitted quasireal photon, respectively. Three
different classes of the acceptance region according to the CMS and ATLAS scenarios are considered
as 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15, and 0.1 < ξ < 0.5 [44, 45]. Recently, the NP effects in the
diffractive interactions are discussed in Refs. [46–48]. In what follows, the HZγ coupling is studied
through the process pp → pγp → pHX at the LHC using the effective Lagrangian approach. Both
the CP-conserving and -violating interactions arising from dimension six operators are considered for
three detector acceptance regions at center of mass energies
√
s = 14, 100 TeV.
The present paper is organized as follows: In Sec. II, we will introduce the effective Lagrangian
which includes anomalous interactions in the Higgs sector with HZγ couplings. The cross section of
the collision pp→ pγp→ pHX at the LHC with the center of mass energies √s = 14, 100 TeV in terms
of the anomalous couplings are presented in Sec. III. The numerical analysis and some estimations
of the cross section sensitivity to the Higgs couplings are reported in Sec. IV. We will determine the
constraints expected at the LHC Run-II for the proposed anomalous operators. Sec. V is devoted to
a discussion on our concluding results.
II. THE EFFECTIVE LAGRANGIAN AND ANOMALOUS INTERACTIONS
The SM predictions for the HZγ coupling is based on the heavy quarks and W boson loops
computations which depend on the masses of circulating particles. To investigate NP additional
contributions to the HZγ vertex, we start with an effective Lagrangian involving the effects of non-
SM fields interactions. This Lagrangian can be obtained by the generalization of the SM interaction
terms, from all dimension four operators to higher-dimension ones. Ignoring possible dimension five
operators, which relate to the non-conservation of lepton number [3, 49], the expansion of the effective
Lagrangian can be truncated at dimension six operators as follows:
Leff. = LSM +
∑
i
c
(6)
i O(6)i
Λ2
+H.c., (II.2)
where, c
(6)
i and O(6)i represent dimensionless Wilson coefficients and gauge invariant local operators,
respectively.
Probing the Higgs properties, we note thatO(6)i include the Higgs anomalous interactions with gauge
bosons and fermion fields [13]. With a scalar doublet, Φ, which will be replaced by the Higgs field,
there are seven dimension six relevant operators. Four of these operators have CP-even structures
as OV V = Φ+VµνV µνΦ and OV = (DµΦ)+V µνDνΦ for V ≡ B,W and the remaining three CP-
odd operators are OV˜ V = Φ+V˜µνV µνΦ for V ≡ B,W and OB˜ , in the notation of Ref. [11]. The
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covariant derivative and the field strength tensors of gauge fields are Dµ = ∂µ +
i
2g
′Bµ+
i
2gσ
iW iµ and
Bµν +Wµν = [Dµ,Dν ], respectively. V˜µν =
1
2εµνρσV
ρσ and εµνρσ is a totally antisymmetric tensor
with ε0123 = 1. In the following, the operator OBW is disregarded since it has already been stringently
constrained by precision electroweak data and the measurements of the triple gauge boson couplings.
Very similar to the SM predictions, the accurate bounds on the coefficient of OBW depend on the
masses of the Higgs particle and the top quark so the LHC cannot provide more information on this
operator [50].
After the EWSB, the effective Lagrangian in the Higgs sector, up to the first power of the Higgs
boson, is described in terms of the physical fields interactions. In this paper, we study theHZγ vertices
and the corresponding interaction terms from the summation of seven aforementioned operators, after
the transformation of B,W fields to A,Z bosons, are given by [6, 11, 50]
L(6)eff. = g(1)HZγ∂νHZµAµν + g
(2)
HZγHAµνZ
µν + g˜HZγHZ˜µνA
µν +H.c., (II.3)
where, g
(i)
HZγ , i = 1, 2 are the coefficients of the CP-even operators and g˜HZγ is the coupling regarding
the CP-odd interaction term. The new couplings g
(i)
HZγ , i = 1, 2 and g˜HZγ are functions of mW , mZ ,
the SU(2)L coupling constant, g, the weak mixing angle, θW , and some dimensionless parameters that
should be constrained in searching for NP effects [51]. However, in a more common way, one may
study the constraints on dimensionful coefficients, g
(i)
HZγ , g˜HZγ , i = 1, 2, or some combinations of them
instead of the anomalous dimensionless couplings.
If we rewrite the Eq. (II.3) in a compact form such as L(6)eff. = HZµT µνAν +H.c., the T µν vertex of
the HZγ interaction in momentum space is
T µν(k,Q) = αˆ(k,Q)Q2gµν + α1(k,Q)[Q · kgµν −Qµkν ] + α2(k,Q)εµνρσQρkσ. (II.4)
Here, k and Q denote the Z boson and photon momenta. By plugging the above vertex into Eq. (II.3),
the relations αˆ ≡ −g(1)HZγ , α1 ≡ −g(1)HZγ + 2g(2)HZγ , and α2 ≡ 2g˜HZγ arise. Practically, (αˆ, α1, α2) are
dimensionful independent coefficients whose sizable values would represent NP effects. The nonzero
values are possibly induced by heavy particles loops and can change Higgs production cross sections
in comparison with the leading order results of the SM, i.e., αˆSM = αSM1 = α
SM
2 = 0 [11].
III. HIGGS PRODUCTION CROSS SECTIONS
The effective Lagrangian introduced in Eq. (II.3) allows the production of a Higgs boson through the
subprocess γq → γZq → Hq in the collision pp→ pγp→ pHX. The Feynman diagrams for the main
process pp→ pHX and the subprocess γq → Hq at leading order are depicted in Figs. 1 and 2, respec-
tively. The total scattering amplitude, |M |2 in the quasireal photon approximation, with zero mass
photons, is dependent on two of the anomalous couplings, i.e., |M |2 = |M1|2α21(k,Q) + |M2|
2
α22(k,Q).
The functions |M1|2 and |M2|2 with the redefinition of vector and axial-vector couplings, C±q =
C2q,V ±C2q,A, and using the relation sˆ+ tˆ+ uˆ = m2H + 2m2q read
|M1|2 = − g
2
Z
8(m2Z − tˆ)2
{
C+q tˆ
(
(tˆ+ sˆ−m2q −m2H)2 + (sˆ−m2q)2
)
+ 2C−q m
2
q(m
2
H − tˆ)2
}
,
|M2|2 = − g
2
Z
4(m2Z − tˆ)2
(m2H − tˆ)2
{
C+q (tˆ− 2m2q) + 4C−q m2q
}
. (III.5)
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FIG. 1. A schematic Feynman diagram of the process pp→ pHX .
q q
γ H
Z
FIG. 2. A representative leading order Feynman diagram of the subprocess γq → γZq → Hq.
A technical tool to perform the numerical calculations of a photon-induced subprocess, is the
equivalent photon approximation (EPA) method. This is applied to the collisions in the forward
direction, where the Q2/E2γ ≪ 1 estimation between the energy, Eγ , and virtuality, Q2, of the photon
is justified. Hence, the emitted photon is considered as a quasireal particle (see [52–54] for reviews on
the EPA method) whose spectrum is given by
f(Eγ , Q
2) =
dN
dEγdQ2
=
αe
π
1
EγQ2
[(
1− Eγ
Ep
)(
1− Q
2
min
Q2
)
FE +
E2γ
2E2p
FM
]
, (III.6)
where,
FE =
4m2pG
2
E +Q
2G2M
4m2p +Q
2
, FM = G
2
M ,
G2E =
G2M
µ2p
=
(
1 +
Q2
Q20
)−4
, Q20 = 0.71 GeV
2,
Q2min =
E2γm
2
p
Ep(Ep − Eγ) , Q
2
max = 2 GeV
2. (III.7)
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Here, mp is the proton mass and αE is the QED fine structure constant [52–54]. The FE and FM
functions are determined by the proton electric and magnetic form factors, respectively. The proton
magnetic moment is fixed with the value µ2p = 7.78 and from now on in this paper, we impose the
relation Eγ = Epξ in the EPA. As mentioned above, all the terms of scattering amplitudes proportional
to powers of αˆ will be eliminated due to the EPA method for the quasireal photons, i.e., Q2 = 0.
For parton distribution functions (PDFs) to generate hard scattering matrix elements, we take the
leading order results of three main PDF fitting collaborations, NNPDF3.0 [55], CTEQ14 [56], and
MMHT14 [57], which have provided updates for their global analyses. These PDF sets are precisely
compared in Refs. [58, 59] and consequently an improved agreement with the former releases is
demonstrated. The uncertainty due to the choice of a particular PDF set arises from limited knowledge
of the proton structure. It is estimated by performing all computations of the signal cross sections for
different PDF sets. According to the PDF4LHC recommendations [60], uncertainties 0.022%, 0.019%,
and 0.161% are found for the first, second, and third acceptance regions at
√
s = 14 TeV, respectively.
The total cross section is derived by convoluting the subprocess cross section with the photon
spectrum in the EPA method and PDF sets as follows:
σ =
∑
q=u,d,s,c,b
∫ ωmax
ωmin
ω
2Epy
dω
∫ ymax
ymin
dy
∫ Q2max
Q2
1,min
dQ21 fγ
(
y,Q21
)× fq( ω2
4Epy
,Q22
)
σˆZγ→H(Q
2
1, ω, y),
(III.8)
where, the integration limits
ymin = Max
[
ω2
4Epxmax
, Epξmin
]
,
ymax = Min
[
ω2
4Epxmin
, Epξmax
]
,
ωmin = Max
[
2Ep
√
ξminxmin,mH +mq
]
,
ωmax = 2Ep
√
ξmaxxmax, (III.9)
are imposed. Fig. 3 displays the total cross section as a function of the anomalous HZγ couplings at
the center of mass energy
√
s = 14 TeV. Three separated curves represent the results of three different
detector acceptance regions. We found that the functional dependencies of σ to the couplings α1 and
α2 are almost similar.
Since the final state includes an intact proton, we have to take into account the effect of survival
factor to consider the probability of no additional underlying event activity. The survival factor is
important for accurate prediction of the (semi-)exclusive cross section and it depends on the detector
performance. We follow the approach in Refs. [61, 62], where it is emphasized that the impact
of survival probability sensitively depends on the subprocess, through the specific proton impact
parameter dependence. Here the situation can fairly be described as having the evolution component
from one proton and the coherent input from the other one. This leads to a ∼ 26% suppression on
the expected signal and also background cross section at the scale of the Higgs mass [62].
In the following, the factorization scale, µf , as well as the renormalization one, µr, are equal to the
Higgs mass,mH , which is assumed to be the threshold production scale, i.e., Q2 = µf = µr = mH . The
uncertainty coming from the factorization/renormalization scale is obtained by doubling, Q2 = 2mH ,
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FIG. 3. The total cross section of the process pp → pHX as a function of the anomalous coupling α1(2) at
α2(1) = 0 and at the center of mass energy
√
s = 14 TeV. The curves show the sensitivity for three different
acceptance regions remarked on the figure.
and halving, Q2 = mH/2, the threshold scale. Deviations due to the variation of scales are found to be
0.004%, 0.012%, and 0.054% for the first, second and third regions at
√
s = 14 TeV. The third region
results contain the largest uncertainty coming from the factorization scale variations and the choice
of PDF. Both kind of uncertainties increase with increasing center of mass energy from
√
s = 14 TeV
to
√
s = 100 TeV and the uncertainty due to the choice of PDF is larger than the uncertainty arising
from the variation of factorization scale.
IV. SENSITIVITY TO THE HIGGS ANOMALOUS COUPLINGS
In this section, we present the sensitivity of the process pp→ pγp→ pHX to the anomalous HZγ
couplings for various forward detector acceptance regions and at different values of the integrated
luminosity. The final state of the process consists of a Higgs boson, a jet and an intact proton. We
study the most important relevant decay channels for the SM Higgs boson: H → γγ, H → W+W−,
H → ZZ. The SM Higgs boson branching ratios together with corresponding uncertainties can be
found in Ref. [63]. The SM branching fractions for the Higgs decays to γγ, W+W−, and ZZ are
2.28 × 10−3, 2.15 × 10−1, and 2.64 × 10−2, respectively. The Higgs boson decay to a bb¯ pair has the
largest branching ratio but it suffers from very large amount of background contributions. Indeed, this
decay mode can loosely constrain the anomalous couplings, so we have already excluded this channel
in our analysis.
For a given integrated luminosity, Lint, to assess the sensitivity of the process pp → pγp → pHX
at the LHC, the theoretically predicted number of signal events for each final state, the experimental
efficiencies and the expected background events are needed. The number of signal events, Nsignal,
reads
Nsignal(α1, α2) = σ(pp→ pHX)×Br(H → FF )×Br(F → f1f2...)× Lint, (IV.10)
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where F = γ,W± and Z boson and f = l±, νl (for F = W,Z). The values of Br(F → f1f2...) in Eq.
(IV.10) for the decays of W and Z bosons are 0.05 and 0.12, respectively.
To have a more realistic study, we consider the irreducible photoproduction background (γ +
q → H + q) coming from diffractive processes as well as the contribution arising from the reducible
photoproduction processes. We found that the reducible photoproduction processes, with different
particles in the final state, are expected to be effectively rejected by applying the cuts. Nevertheless,
the contribution of the irreducible background is larger than the reducible one after the cuts. The total
cross sections of the backgrounds, calculated with CompHEP v4.5.2 package [64], are summarized in
Table I. We perform an explicit calculation of the background subprocesses when one proton is intact
and we have γγ+jet (for H → γγ channel), l±1 l∓2 νl1νl2+jets (for H →W+W− channel), and l±1 l∓1 l±2 l∓2
(for H → ZZ channel) in the final state. Now, we obtain the 95% C.L. limits on the Higgs anomalous
√
s = 14 TeV
√
s = 100 TeV
P
P
P
P
P
P
P
P
P
ξ
Channel
H → γγ H → ZZ H →W+W− H → γγ H → ZZ H →W+W−
0.0015− 0.5 2.5 0.5 14.4 3.4 2.1 148
0.0015− 0.15 2.7 0.45 12.6 3.6 2 126
0.1− 0.5 0.1 0.09 10 1.3×10−4 0.04 24
TABLE I. The total cross sections (unit in fb) of the backgrounds coming from diffractive processes for three
final states γγ, W+W−, and ZZ after applying all cuts.
couplings α1 and α2 with Poisson statistics at
√
s = 14, 100 TeV. For a specific integrated luminosity,
the expected 95% C.L. upper limits of the number of signal events, Nsignal, is obtained under the
assumption that the number of observed events, NObs., is equal to the number of SM prediction,
NBkg..
The 95% C.L. constraints on |α1|, |α2| and the upper limits on the branching ratio of the H → Zγ
decay channel for Lint = 100, 300, 3000 fb−1 are presented in Tables II and III at
√
s = 14 TeV and√
s = 100 TeV, respectively. The upper limits on the branching ratio corresponding to each coupling
constraint are given in parentheses in each column. The bounds corresponding to the decay processes
H → γγ, H → W+W−, H → ZZ, and the combination of these three Higgs decay channels, are
given in separate columns for each detector acceptance region. Here, we do not consider neither the
reconstruction nor the acceptance efficiencies.
In Fig. 4, based on the dimension six operator coefficients, the 95% C.L. constraints on the
anomalous couplings at
√
s = 14 TeV and for an integrated luminosity Lint = 3000 fb−1 in H → ZZ
channel are presented for three different acceptance regions at the LHC. Here, the reconstruction and
the acceptance efficiencies are not considered. In the SM, for mH = 125 GeV the coupling induced
by the W boson and the top quark loops is α1 = GSM [13], while the bottom quark contribution is
ignored due to its small mass. The CMS (ATLAS) exclusion bound, based on the partial width at√
s = 8 TeV and Lint = 19.6 fb−1, is −0.162 ≤ α1 ≤ 0.082 TeV−1 (−0.168 ≤ α1 ≤ 0.088 TeV−1).
Precise measurements on projected performance of upgraded CMS [65] (ATLAS [66]) detectors at
the LHC and high luminosity LHC show that the decay process in H → Zγ channel is expected to
be measured at
√
s = 14 TeV with ∼ 62% (∼ 145%) uncertainties using an integrated luminosity
Lint = 300 fb−1 and ∼ 20% (∼ 54%) uncertainties using Lint = 3000 fb−1 at 95% C.L. Our bounds
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can also be compared with the ones in Ref. [13] in which |α1| ≤ 2 TeV−1 is obtained.
At our proposed channel the sensitivities to probe the HZγ couplings are improved. Reduction
strategies for background processes, a realistic analysis with using shape variables, and deriving the
background contributions from data would provide more robust results on the exclusion limits of the
anomalous couplings.
|α1| = |α2| [TeV−1]
(
Br(H → γZ))
ξ
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳❳
Lint[fb−1]
Channel
H → γγ H → ZZ H → W+W− Combined
100 0.643 (0.082) 0.369 (0.033) 0.450 (0.045) 0.393 (0.036)
0.0015− 0.5 300 0.488 (0.052) 0.280 (0.021) 0.342 (0.029) 0.299 (0.024)
3000 0.275 (0.021) 0.158 (0.009) 0.192 (0.012) 0.168 (0.010)
100 0.732 (0.102) 0.402 (0.038) 0.486 (0.052) 0.429 (0.042)
0.0015− 0.15 300 0.556 (0.064) 0.305 (0.024) 0.369 (0.033) 0.326 (0.027)
3000 0.313 (0.025) 0.172 (0.011) 0.208 (0.014) 0.183 (0.012)
100 0.531 (0.060) 0.439 (0.044) 0.758 (0.108) 0.635 (0.080)
0.1− 0.5 300 0.403 (0.038) 0.333 (0.028) 0.576 (0.068) 0.483 (0.051)
3000 0.227 (0.016) 0.187 (0.012) 0.324 (0.027) 0.281 (0.022)
TABLE II. The 95% C.L. constraints on the anomalous HZγ couplings, |α1| and |α2|, and the upper limits
on the branching ratio of the H → Zγ decay channel in the main process pp → pHX at √s = 14 TeV and
for integrated luminosities Lint = 100, 300, 3000 fb−1. The upper limits on the branching ratio are given in
parentheses. The bounds values are presented for three different Higgs decay channels, H → γγ, H →W+W−,
and H → ZZ as well as a combined one achievable with 95% C.L. and for three intervals of forward detector
acceptance region, ξ. The CP-even and CP-odd contributions have the same values. The reconstruction and
the acceptance efficiencies are not considered.
|α1| = |α2| [TeV−1]
(
Br(H → γZ))
ξ
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳❳
Lint[fb−1]
Channel
H → γγ H → ZZ H →W+W− Combined
100 0.173 (0.011) 0.123 (0.007) 0.200 (0.013) 0.169 (0.010)
0.0015− 0.5 300 0.131 (0.008) 0.093 (0.005) 0.152 (0.009) 0.128 (0.007)
3000 0.074 (0.004) 0.052 (0.003) 0.085 (0.005) 0.072 (0.004)
100 0.185 (0.012) 0.128 (0.007) 0.203 (0.013) 0.172 (0.011)
0.0015− 0.15 300 0.141 (0.008) 0.098 (0.006) 0.155 (0.009) 0.130 (0.008)
3000 0.079 (0.005) 0.055 (0.003) 0.087 (0.005) 0.073 (0.004)
100 0.0318 (0.0025) 0.107 (0.006) 0.297 (0.023) 0.248 (0.018)
0.1− 0.5 300 0.0241 (0.0023) 0.081 (0.005) 0.226 (0.016) 0.192 (0.012)
3000 0.0136 (0.0020) 0.046 (0.003) 0.127 (0.007) 0.106 (0.006)
TABLE III. The 95% C.L. constraints on the anomalous HZγ couplings, |α1| and |α2|, and the upper limits
on the branching ratio of the H → Zγ decay channel in the main process pp → pHX at √s = 100 TeV and
for integrated luminosities Lint = 100, 300, 3000 fb−1. The upper limits on the branching ratio are given in
parentheses. See the caption of Table II for further details.
To provide more practical limits, we perform an analysis including detector acceptance, resolution
effects and pile-up interactions. The experimental efficiencies for each final state is considered. To
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FIG. 4. The 95% C.L. constraints on the anomalous HZγ couplings in H → ZZ channel at √s = 14 TeV with
an integrated luminosity Lint = 3000 fb−1 for three different acceptance regions at the LHC. The CMS and
ATLAS exclusion limits obtained from the Higgs boson rare decay process at
√
s = 8 TeV and Lint = 19 fb−1
are shown for comparison. For completeness, the CMS and ATLAS projected allowed regions at
√
s = 14 TeV
and Lint = 300, 3000 fb−1 are also presented.
reconstruct a specific final state phase space at both
√
s = 14 TeV and
√
s = 100 TeV, we take a
conservative approach and apply the efficiencies extracted based on Run-I experimental results. We
use the following reconstruction efficiencies to study the process pp → pHX from Ref. [5], and the
references therein: ǫH→γγ = 0.72, ǫH→W+W− = 0.9025, ǫH→ZZ = 0.815. In this study we use the
signal in the decay channels of Higgs to γγ, W+W−, and ZZ, followed by the leptonic decays of W
and Z. Each channel has its own background composition and this point finally leads to the extraction
of different bounds. The acceptance cuts that select the events are imposed on pseudorapidities, η,
and transverse momenta, pT , of the final state particles as:
pγT ≥ 20 GeV, pjetT ≥ 20 GeV, plT ≥ 20 GeV,
|ηγ | < 2.5, |ηjet| < 2.5, |ηl| < 2.5. (IV.11)
For further background suppression and the enhancement of signal-to-background ratios, the fol-
lowing cuts are differently applied to each decay channel:
For γγ channel: 100GeV < Mγγ < 150GeV,
∆R(γ1, γ2) > 0.3,
For ZZ channel: 70 GeV < Mll < 110 GeV,
100 GeV < M4l < 150 GeV,
∆R(li, lj) > 0.3,
For W+W− channel: No mass cut is applied,
MET > 40 GeV,
∆R(l+, l−) > 0.3. (IV.12)
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In relations (IV.12), ∆Rij =
√
(ηi − ηj)2 + (φi − φj)2 and missing transverse energy is denoted by
MET. Applying the same cuts on the signal events results in the acceptance efficiencies 0.4, 0.1, and
0.25 for H → γγ, H → W+W−, and H → ZZ channels, respectively.
During each bunch crossing at the LHC, more than a proton–proton interaction can occur which
is called a pile-up. Protons within the acceptance of the forward detector from pile-up events can be
a source of background to our signal process. In particular, it happens when a pile-up event is placed
over a hard non-diffractive process with the same final state as the signal. To estimate the contribution
of this type of background, the probability of observing such events in the forward detectors needs to
be known. The probability for the measurement of a single proton tagged event in forward detectors
depends on the detector-beam center distance and the beam optic. Based on the forward detector
specifications and the beam properties, this probability could be at the order of 1–2% [67].
The 95% C.L. constraints on |α1|, |α2| and the upper limits on the branching ratio of the H → Zγ
decay channel in the decay processes H → γγ, H →W+W−, H → ZZ, and the combined channel for
Lint = 100, 300, 3000 fb−1 are demonstrated in Tables IV and V at
√
s = 14 TeV and
√
s = 100 TeV,
respectively. The upper limits on the branching ratio corresponding to each coupling constraint are
given in parentheses in each column. Both the reconstruction and the acceptance efficiencies are
included into bounds estimations. We have considered 1% probability for observing a single tagged
event with the hard non-diffractive process with the same final state as three signal channels γγ,
WW , and ZZ. We observe minor modifications in the upper limits on the anomalous couplings. For
instance, in the first detector acceptance region for Lint = 300 fb−1 and at
√
s = 14 TeV, the upper
limits 0.844, 0.593, 1.139, and 0.775 change to 0.864, 0.594, 1.141, and 0.779 in H → γγ, H → ZZ,
H →W+W−, and combined channels, respectively.
The calculated upper limits on the branching ratio of H → Zγ decay channel can be compared with
the existing bound on branching ratios from the CMS [22] (ATLAS [23]) collaboration measurements,
at
√
s = 8 TeV and Lint = 19.6 fb−1, which is 0.0064 (0.0068).
As expected, similar exclusion intervals are obtained for α1 and α2. The H → ZZ decay channel
provides the more restricted bounds due to having smaller backgrounds. Comparing various ξ ranges,
we conclude that the least sensitive region for W+W− and ZZ decay channels is the third acceptance
interval, while this region provides the most restricted bounds for γγ channel. Using higher integrated
luminosities and center of mass energies more stringent limits can be established. A conservative
estimation of the most theoretical uncertainties is considered in calculating the limits, while taking
into account all systematic uncertainties is beyond the scope of this paper.
Fig. 5 illustrates the contour diagrams for the 95% C.L. constraints on the anomalous couplings
in the α2–α1 plane for three different Higgs decay channels H → γγ, H → W+W−, and H → ZZ
at
√
s = 14 TeV and Lint = 300 fb−1. The diagrams are plotted for three different acceptance
regions while both the reconstruction and the acceptance efficiencies as well as pile-up backgrounds
are included. Each panel contains the results of a specific Higgs decay channel.
A similar analysis on search for the anomalous HZγ couplings, which only concentrates on the
H → bb¯ channel has been performed in Ref. [68]. In that study, ignoring the irreducible backgrounds,
the authors have only considered the reducible ones, so their analysis has consequently lead to tight
bounds at the level of ∼ 10−3. In this paper, by taking into account the most relevant backgrounds
(the reducible part) as well as the irreducible ones, and looking at the clean decay modes, i.e., γγ,
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|α1| = |α2| [TeV−1]
(
Br(H → γZ))
ξ
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳❳
Lint[fb−1]
Channel
H → γγ H → ZZ H → W+W− Combined
100 1.187 (0.219) 0.785 (0.114) 1.508 (0.310) 1.035 (0.178)
0.0015− 0.5 300 0.864 (0.133) 0.594 (0.072) 1.141 (0.206) 0.779 (0.113)
3000 0.476 (0.050) 0.333 (0.028) 0.640 (0.081) 0.436 (0.043)
100 1.346 (0.264) 0.855 (0.131) 1.632 (0.345) 1.128 (0.203)
0.0015− 0.15 300 0.984 (0.164) 0.647 (0.083) 1.234 (0.233) 0.848 (0.129)
3000 0.542 (0.061) 0.363 (0.032) 0.692 (0.093) 0.475 (0.050)
100 1.524 (0.315) 0.954 (0.156) 2.547 (0.571) 1.695 (0.362)
0.1− 0.5 300 0.933 (0.151) 0.712 (0.097) 1.925 (0.424) 1.271 (0.243)
3000 0.412 (0.039) 0.397 (0.037) 1.080 (0.190) 0.710 (0.097)
TABLE IV. The 95% C.L. constraints on the anomalous HZγ couplings, |α1| and |α2|, and the upper limits
on the branching ratio of the H → Zγ decay channel in the main process pp → pHX at √s = 14 TeV and
for integrated luminosities Lint = 100, 300, 3000 fb−1. The upper limits on the branching ratio are given in
parentheses. The bounds values are presented for three different Higgs decay channels, H → γγ, H →W+W−,
and H → ZZ, as well as a combined one achievable with 95% C.L. and for three intervals of forward detector
acceptance region, ξ. The CP-even and CP-odd contributions have the same values. All the reconstruction and
the acceptance efficiencies as well as pile-up backgrounds are included into bounds estimations.
|α1| = |α2| [TeV−1]
(
Br(H → γZ))
ξ
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳
❳❳
Lint[fb−1]
Channel
H → γγ H → ZZ H →W+W− Combined
100 0.389 (0.036) 0.279 (0.021) 0.671 (0.088) 0.446 (0.045)
0.0015− 0.5 300 0.256 (0.019) 0.210 (0.014) 0.508 (0.055) 0.336 (0.028)
3000 0.129 (0.0075) 0.117 (0.0067) 0.285 (0.022) 0.188 (0.012)
100 0.414 (0.040) 0.292 (0.023) 0.683 (0.091) 0.455 (0.046)
0.0015− 0.15 300 0.274 (0.021) 0.219 (0.015) 0.517 (0.057) 0.342 (0.029)
3000 0.139 (0.008) 0.123 (0.007) 0.290 (0.023) 0.192 (0.012)
100 0.792 (0.116) 0.330 (0.028) 1.021 (0.174) 0.695 (0.093)
0.1− 0.5 300 0.457 (0.047) 0.212 (0.014) 0.761 (0.108) 0.506 (0.055)
3000 0.145 (0.009) 0.104 (0.006) 0.424 (0.041) 0.278 (0.021)
TABLE V. The 95% C.L. constraints on the anomalous HZγ couplings, |α1| and |α2|, and the upper limits
on the branching ratio of the H → Zγ decay channel in the main process pp → pHX at √s = 100 TeV and
for integrated luminosities Lint = 100, 300, 3000 fb−1. The upper limits on the branching ratio are given in
parentheses. See the caption of Table IV for further details.
W+W−, and ZZ, more realistic results are obtained. The present analysis of the process pp→ pHX
could be potentiality considered as a first assessment of the LHC to study the HZγ couplings.
Finally, it is necessary to emphasize that in this paper a simple counting experiment analysis has
been performed to obtain the upper limits on the anomalous couplings and branching ratios. It is
notable that in some cases, the generality of the couplings affects the kinematic distributions of the final
state particles. Therefore, the kinematic distributions provide powerful discriminating variables among
various anomalous couplings of signal and background processes. Similar to the ATLAS and CMS
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FIG. 5. The contour diagrams in α2 − α1 plane (units in TeV−1) for three different Higgs decay channels
H → γγ, H → W+W−, and H → ZZ with 95% C.L. at √s = 14 TeV and Lint = 300 fb−1. The diagrams
are plotted for three different acceptance regions. Both the reconstruction and the acceptance efficiencies are
included into bounds estimations.
experiments, following smart methods such as matrix element likelihood approach would provide more
stringent bounds. The mentioned approach is useful to construct a discriminant for the analysis of the
kinematic distributions of the Higgs boson production and decay in different channels [69]. However,
this is beyond the scope of the present paper and must be done by the experimental collaborations to
include detailed simulation effects and detector response.
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V. CONCLUDING REMARKS
After the discovery of the SM Higgs boson at the LHC, direct and indirect searches are ongoing
for precise measurements of the Higgs boson properties. The purpose of this paper is to examine the
potential of the Higgs boson photoproduction at the LHC to probe the anomalous HZγ couplings
originating from dimension six non-SM operators. We study the deviations of both CP-even and CP-
odd anomalous HZγ couplings from the SM predictions, which arise from NP effects. To this end we
established precise bounds on the anomalous couplings for three different detector acceptance regions,
0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15, and 0.1 < ξ < 0.5. We have predicted that the future LHC
run has a good capability to establish the CP nature of the HZγ vertices using the detectors that
would be available in the forward regions. The total cross section of the studied process pp → pHX
shows similar sensitivity to the CP-even and CP-odd couplings. Since the angular distributions of the
decay products of the Higgs boson have different behaviors for the CP-even and CP-odd couplings,
they could be used as powerful tools to examine the CP nature of the couplings. Here using a simple
counting experiment analysis, the first and second acceptance regions, i.e., 0.0015 < ξ < 0.5 and
0.0015 < ξ < 0.15, provide the most restricted bounds in combined channel. At the LHC, with
an integrated luminosity Lint = 3000 fb−1 at
√
s = 14 TeV while both the reconstruction and the
acceptance efficiencies are included, the bounds on anomalous HZγ vertices for the first region would
be 0.475, 0.333, and 0.640 in H → γγ, H → ZZ, and H →W+W− decay channels, respectively. The
best limits on HZγ couplings are obtained from H → ZZ channel. We conclude that the process
pp → pHX has a reasonable sensitivity to the anomalous HZγ couplings which complements the
results of other channels in search for any deviation of HZγ vertices from the SM predictions.
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